Parkinson's disease (PD) is clinically characterized by symptoms of akinesia, rigidity, and resting tremor, which are related to a dopaminergic deficiency of the nigrostriatal pathway. Disorders of gait are common symptoms of PD that affect the quality of life in these patients. One of the main focuses of physical rehabilitation in PD is to improve the gait deficits in the patients. In the last decade, a small number of studies have investigated the use of the treadmill for the rehabilitation of gait in PD patients. Although, the results of these studies are promising, the mechanisms underlying the therapeutic effect of the treadmill in PD are still largely unknown. This paper reviews 10 years of investigation of treadmill training in PD, focusing on the possible mechanisms involved in the therapeutic effect of the treadmill. Understanding these mechanisms may improve the prescription and design of physical therapy programs for PD patients.
Introduction
The treadmill is a machine for walking or running without displacement. Originally, it was a type of mill operated by animals or persons treading steps on a wheel to grind grain. References of this ancient engine appear around 25 B.C. in the Architecture of Vitruvius, and later in the Codice Atlantico of Leonardo da Vinci and De Re Metallica of Georgius Agricola [1] . In the middle of the XX century, a new motorized treadmill began to be employed in the medical field for ergometry studies [2] [3] [4] . Today, the treadmill is a very common device in training centers, gyms, hospitals and investigation centers.
In the physiological field the treadmill has been used to explore the neurophysiology of the locomotion in mammals. Pioneering studies in spinalized cats (at thoracic or at upper lumbar level) showed that these animals could step on the treadmill with their hind-limbs, if their body weight was externally supported. The long-term use of the treadmill, in combination with a gradual reduction in the body weight support (BWS), led to a significant recovery in the locomotion of the cats [5] [6] [7] [8] . On the basis of these experiments, the same approach was applied to humans with spinal cord injury [9] [10] [11] [12] [13] [14] . A harness that supports a part of their body weight was used in order to keep an erected posture in these patients when they walked over the treadmill.
More recently, the use of the treadmill has been introduced for gait rehabilitation in other neurologic pathologies such as Parkinson's disease (PD).
patients is characterized by a decrease in stride length when compared to age-matched healthy subjects. This is often accompanied by a reduced gait speed, an increase of the double support phase and of the stride variability [19] [20] [21] [22] [23] [24] [25] [26] . Postural instability and gait disorders can predispose PD patients to falls. Whereas traditional measures of gait and postural control cannot adequately predict falls in PD [27] , increased stride variability has been associated with the risk of falls in aging people and in PD patients [28] [29] [30] [31] .
Pharmacological therapy is effective in the early stages of the disease. However, as the disease progresses, gait disorders worsen, leading to start hesitation, freezing episodes and an increase in the risk of falls [32, 33] . Thus, improving gait disorders is crucial in the rehabilitation of PD patients [25, 34] .
In the last decade, the treadmill has become a therapeutic tool for gait rehabilitation in PD patients. Several studies reported promising results but the true therapeutic potential of treadmill training and the mechanisms underlying these benefits remain uncertain.
Acute Effects of a Treadmill Training Program
Miyai et al. [35, 36] conducted two initial studies to investigate the effectiveness of a one month period of body weight-supported treadmill training (BWSTT) in PD patients (H&Y 2.5 or 3). They found a greater improvement in the UPDRS, ambulation speed, and number of steps with BWSTT than with conventional physical therapy [35, 36] . Another study in PD patients (H&Y 1-4) showed that improvements in dynamic posturography, number of falls during balance testing, Berg Balance, UPDRS, range of motion and gait were not related with the amount of body weight supported, since the treadmill training with additional weight bearing (5% of body weight increase) led to the same improvements [37] .
The gait improvements reported in the mentioned studies have been replicated and extended. Six weeks of intensive treadmill training, without body weight support, improved significantly the quality of life, motor UPDRS, gait speed and scores on the Short Physical Performance Battery (SPPB) in a group of 9 PD patients (H&Y 1.5-3), [38] . However, stride time variability and swing time variability did not change significantly [38] . Other functional lower-limb tasks such as walking along a corridor, U-turn, turning around in a chair, standing on one foot, and standing up, were also improved after 6 weeks of treadmill training in PD patients [39] . Eight weeks of high intensity treadmill training with 10% of body weight support increased gait speed, step and stride length, hip and ankle joint excursion and improved weight distribution during sit-to-stand in PD patients (H&Y 1 or 2), [40] .
Gait impairments such as freezing episodes and falls were also reduced as a result of treadmill training programs. On the treadmill, freezing episodes were less common and much briefer compared with overground walking [41] . In addition, when treadmill training is combined with conventional rehabilitation programs, such as those using sensory cues, the reduction of freezing episodes is greater than when these programs are used without treadmill training [42] . The treadmill has also been used to improve the balance in PD, in order to decrease falls [43, 44] . In these studies the training included methods such as suddenly turning on and off the treadmill, with the patients standing facing forwards, backwards, or sideways [43] .
Treadmill training has also been used to improve cardiorespiratory capacity in PD patients, since it is known that PD patients have lower levels of fitness [45] . Bergen et al. [46] showed improvements in PD patients in the aerobic capacity (VO2 peak) after a combined training of cycling and walking on the treadmill. However, in another study investigating aerobic treadmill training, although the subjects showed improvement in the peak ambulatory workload capacity, no changes were observed in the mean VO2 peak [47] . Recently, it has been shown that there is a decrease in oxygen uptake, heart and respiratory rates during the gait after treadmill training. These improvements become evident only during a graded exercise regime on the treadmill [48] .
Long Term Effects of a Treadmill Training Program
One of the main goals of all rehabilitation programs is for the program to be effective even after it is completed. Long-term effects of treadmill programs have been reported by three studies [36] [37] [38] . A randomized trial showed that 4 weeks of BWSTT led to an improvement in the stride length that lasted for at least 3 months after the end of the program [36] . These long-term improvements were more stable in comparison with conventional physical therapy [36] .
Another study showed that improvements in balance, gait, range of motion and motor UPDRS after four weeks of treadmill training were maintained for one month [37] . Similar results were reported by Herman et al. [38] .
Effects of One Treadmill Session
The immediate effects of one treadmill session have been investigated. Miyai et al. [35] observed improvements in gait speed, five minutes after one session of weight-supported treadmill walking. Stride length and double stance duration was also improved after one training session on the treadmill [49] . Moreover, in these two studies, treadmill training was more effective than conventional gait therapy in improving gait parameters [35, 49] .
Recently, improvements in gait speed were also found, 5 and 10 minutes after a 20 minutes treadmill gait session [50] . Although in this study the effects were similar in PD patients and control subjects, only the PD group with more severe symptoms increased the gait speed as a result of a improvement in the stride length after treadmill walking.
PD Treadmill Gait Characteristics
In order to understand the effect of the treadmill in the gait rehabilitation in PD patients it is necessary to determine the differences between the gait pattern over the treadmill in comparison with overground walking. Only two studies have explored this issue [50, 51] .
When walking on the treadmill, both PD patients and healthy subjects reduced their gait variability, indicating a more stable gait pattern [51] . However, it seems that the adaptation on the treadmill is different depending on the severity of the disease. A group of advanced PD patients (H&Y 3) improved their step length while walking on the treadmill in comparison with overground walking. However, the moderate PD group (H&Y 2-2.5) showed comparable results to that of a healthy control group, showing no changes in gait during treadmill walking [50] .
These results suggest that as the disease progresses PD patients can benefit from treadmill walking to a greater extent, in the improvement of gait. However, the question still remains, which are the mechanisms underlying these effects.
Mechanisms implicated in treadmill gait benefits in PD
The greater improvements following treadmill rehabilitation programs than conventional therapies in PD patients [35, 36, 49] suggest that there are mechanisms that are specific to the treadmill. Some of these mechanisms can be related with the different context in which the walking is performed and others with the features of the treadmill itself (see Table 1 ). [53, 55] .
It is undetermined whether CPG is relevant in the gait improvement of PD patients [35] [36] [37] .
External sensory cues
Treadmill walking provides propioceptive signals that may be used by PD patients, triggering intact circuits and bypassing the defective pallidocortical circuit, in order to control movement.
Changes in regional flow evaluated with sPECT during treadmill walking, showed absence of the lateral premotor cortex-parietal overactivation that seems to accompany externally triggered movements in Parkinson's disease patients, indicating that treadmillwalking has an internally driven mechanism [75] . Visual feedback Modifications in the optical flow lead to modification in the gait pattern [76, 77] . Absence of visual flow may force the subject to look for another source of visual information, as an anchor for maintaining a stable position [78] . PD patients can use attentional strategies and compensate for the damaged automaticity [25] . The absence of visual flow when walking on the treadmill could reduce distraction and allow the patients to focus on the task.
Only the absence of visual flow do not increase the step length in PD patients [62] .
Imposed and constant gait speed
The constant speed of the treadmill could reduce the degrees of freedom and help to minimize stride-to-stride variations in gait timing [51] .
Hand support
Walking aids that have hand support, can improve balance and mobility in older adults and people with other clinical conditions [83] .
PD patients reduce their speed and stride length when they walk with a wheeled walker in comparison with normal gait [51, 84] . Improvements in aerobic fitness and strength Aerobic and resistance training programs improve gait in PD patients [87, 88] .
Treadmill training improve balance and gait in PD patients without strength modifications in the lower limbs [37] . Motor learning Improvement in gait is sustained several months after the treadmill training is completed [38] .
Central Pattern Generators for Locomotion
The term of Central Pattern Generator (CPG) refers to neuronal circuits that can produce rhythmic movements when isolated from the brain or independent of sensory input. In cats, it is assumed that there is at least one such CPG for each limb and that these CPGs are mainly located within the thoraco-lumbar region [52] . Research in cats has revealed that locomotor CPG is regulated by descendent supraspinal signals and afferent input of the limbs. Afferents probably originate from proprioceptive receptors of extensor muscles (Golgi tendon organs and muscle spindles) and mechanoreceptors in the foot. There are other afferents that signal hip position and probably originate from the hip joint and from the muscles around the hip [53] . The CPG involves an extensor and flexor half-centre, which are mutually inhibited. In the stance phase, load is detected by Golgi tendon organs, muscle spindles of extensor muscles and cutaneous afferents of the foot which activate the extensor half-centre. Muscle spindles afferents of the flexor muscle excite the flexor half-centre at the end of the stance phase, and initiate the swing phase [53, 54] In humans, there is only indirect evidence of the existence of spinal CPG. The contribution of CPG to the human gait remains an important question [55, 56] . The positive effect of the treadmill in cats and humans with a spinal lesion has been attributed to the activation of the CPG (Dietz et al., 1997; Van de Crommert et al., 1998; Dietz and Colombo, 2004) . The belt of the treadmill could force the subject to step, through stretch facilitation of hip flexors and ankle plantar flexors at the end of the stance phase [57] . In this way, treadmill training could provide adequate sensory inputs, such as hip extension, which may stimulate the spinal locomotor circuitry [53, 55] . In healthy individuals it has been shown that treadmill walking increases hip extensor movements [58] and decreases CV of the stance period [59] compared with walking overground. On the treadmill, the lower limbs are automatically and regularly pulled back; therefore, it is conceivable that afferents of muscle spindles, Golgi tendon organs and cutaneous sensors are sending impulses to the CPG, resulting in a regular walking pattern [59] It is undetermined whether CPG is relevant in the gait improvement of PD patients [35] [36] [37] . In PD patients the tibial activation is increased during the swing phase together with a poor leg extensor activation, due to a lower load sensitivity, compared with healthy subjects [60] . The origin of this may be an impaired extensor suppression of the flexor generating circuitry [61] . It is possible that the PD patients take advantage of the hip extension over the treadmill. Unfortunately, no biomechanic data are available to confirm this hypothesis. A recent study confirms that improvements in stride length in PD are due to the belt movement itself, probably due to propioceptive afferents generated by the belt displacement [62] . However, proprioceptive signals may act as external cues, using different cortical pathways, and thus bypassing the deteriorated nigrostriatal pathway.
External Sensory Cues
A series of studies have revealed that PD patients can generate a normal gait pattern in the presence of adequate regulatory sensory stimulation. It has been suggested that external sensory cues can provide the necessary trigger in PD to switch from one movement component, to the next, bypassing defective internal pallidocortical projections, possibly via the lateral premotor cortex, which controls externally guided movements [63] [64] [65] . Visual cues placed on the floor at the desired step length, or rhythmic auditory cues can assist with gait initiation and execution, improving the gait pattern in PD [66] [67] [68] [69] [70] [71] [72] . Although propioceptive cues have not been extensively investigated, it has been shown that stepsynchronized vibration stimulation of the soles, during walking, improves gait speed, stride length and variability in PD [73] . Frenkel-Toledo et al. [51] showed that PD patients walk on the treadmill with a reduced stride time variability in comparison with walking overground, suggesting that the treadmill provides external cues to reduce gait variability. It has been suggested that a moving walkway provides external cueing that is mediated through propioceptive receptors [74] .
Treadmill walking provides propioceptive signals that may be used by PD patients, triggering intact circuits and bypassing the defective pallidocortical circuit, in order to control movement. However, changes in regional flow evaluated with sPECT during treadmill walking, showed absence of the lateral premotor cortex-parietal overactivation that seems to accompany externally triggered movements in Parkinson's disease patients, indicating that treadmillwalking has an internally driven mechanism [75] .
Visual Feedback
Another possible set of explanations for the treadmill effects is related with the visual information provided by the treadmill. The source of the visual information is related with the optical flow and with the distance to the front of the treadmill.
When walking over treadmill, subjects must adapt the execution of forward walking movements to zero optical flow. It has been shown that modifications in the optical flow lead to modification in the gait pattern. For instance, backward optical flow results in a decrease of gait speed, while the opposite effect is found with forward optical flow [76] . However, it seems that this optical flow effect is different for healthy control subjects and PD patients, which could explain the different adaptation to the treadmill in the two groups [77] .
The effect of the optical flow while walking on the treadmill could also have other effects on PD gait. First, it may force the subject to look for another source of visual information, as an anchor for maintaining a stable position [78] and second, it could reduce distraction and allow the patients to focus on the task.
Regarding the first point, it is known that PD patients compensate for the deficits in proprioception by visual kinesthesia, causing predominance of visual control and exaggerated reaction to visual feedback [52, 79] . Thus, it could be possible that while the patients are walking on the treadmill they use the distance from the front of the treadmill as a static visual cue [50] . This cue could provide constant visual feedback regarding the position of the body, and the gait can be guided externally rather than internally, as in overground walking. However, a recent study showed that this visual feedback is not the main mechanism implicated in the step length increase in PD patients during treadmill walking [62] .
In relation to the second point, it is known that in some conditions visual information may disrupt locomotion and induce freezing (for example passing through a door) [80] , thus the absence of visual flow when walking on the treadmill could reduce distraction and allow the patients to focus on the task. This is a crucial point since attention plays an important role in PD gait [28, 81] . To generate appropriate stride length, PD patients can use attentional strategies and compensate for the damaged automaticity [25] . Environmental factors, which compete for attention, may increase the difficulty of attending to gait and, as a result, decrease mobility and further increase the risk of falls [82] . Thus, walking on the treadmill can be a more optimal condition for the PD patients to generate a normal gait pattern compared to walking overground.
Other Mechanims
It has been suggested that decreased gait variability on the treadmill may be due to the imposed and constant gait speed [51] . The constant speed of the treadmill could reduce the degrees of freedom and help to minimize stride-to-stride variations in gait timing [51] . During overground walking there are ongoing and unconstrained fluctuations in gait speed, but on the treadmill, patients must match their pace to one constant speed [74] . This hypothesis has been recently confirmed by Bello et al. [62] , showing that PD patients improved their gait double support time variability when walking on the treadmill and overground, following a machine that moves in a fixed speed. However, in both conditions the patients had handrail support. When they followed the machine without handrail support, both controls and PD patients increased their variability, suggesting a greater degree of difficulty in accomplishing the task.
Walking aids that have hand support, like canes and walkers, can improve balance and mobility in older adults and people with other clinical conditions [83] . Many treadmill studies in PD do not report whether the patients hold their hands on the handrails. However, some untrained subjects may not be able to walk on a treadmill without holding on to the handrails [51] . Two investigations have shown that PD patients reduce their speed and stride length when they walk with a wheeled walker in comparison with normal gait [51, 84] . These results could suggest that the hand support over the treadmill may not be the mechanism underlying the gait improvements. However, treadmill gait and walker gait are different because the patients have to pull and control the walker. Bateni and Maki [83] suggested that walking aids can provide mechanical advantages as well as somatosensory feedback. Tactile somatosensory information from the hand can contribute to postural stabilization [85, 86] . On the treadmill, somatosensory fingertip input from an external reference provides spatial orientation in healthy subjects, which, sustains body stability [78] . Thus, the handrail support may work as an external cue.
Improvements in aerobic fitness and strength could explain gait improvements after a treadmill training program. It has been shown that gait improves after aerobic and resistance training programs in PD patients [87, 88] . A recent pilot study demonstrated that treadmill training improves the metabolic walking economy in PD and that this improvement is associated with the trained motor activity, since no changes in metabolic parameters were observed on a cycloergometer [48] . However, fitness improvements cannot explain the benefits from one session of treadmill training. Moreover, after 6 weeks of treadmill training programs, PD patients showed improvements in balance and gait without strength modifications in the lower limbs [37] .
Another explanation for the treadmill improvements is related with the assumption that treadmill gait could induce motor learning in PD [38, 40, 43] . This could explain why the improvement in gait is sustained several months after the treadmill training is completed [38] . A recent study reported normalization of corticomotor excitability after highintensity exercise as well gait improvements in early PD [40] . The improvements were diminished when the exercise intensity used was low. These findings suggest that intensity may be an important exercise parameter for facilitating activity-dependent neuroplasticity, which is associatiated with improved motor performance [40] . The motor learning induced by the treadmill training could also be mediated by the CPG, since learning occurs at the spinal level [53] .
Conclusions
Ten years have passed since the first treadmill training study in PD patients. Since then, several studies have shown that the treadmill is a promising tool in the rehabilitation of gait in PD. Long term and short term benefits have confirmed the therapeutic use of the treadmill in the restoration of the impaired gait pattern in PD patients. When walking on the treadmill, PD patients are able to perform more stable and longer steps compared to when they walk on the ground. However, more studies must be conducted in order to explore the optimal parameters (speed, duration) for an effective treadmill training program.
Another important issue that must be addressed is the mechanisms underlying the treadmill effect. Understanding these mechanisms could improve the prescription and efficacy of the physical therapy in PD.
Financial disclosure/conflict of interest
This work was supported by Ministerio de Ciencia e Innovación (PSI2008-03175) and Xunta de Galicia (2009/002), Spain. All authors have no conflict of interest and no further financial disclosure to make.
